Effects of ultraviolet-B radiation on the photosynthesis of seagrasses (Halophilaengebnami Aschers, Haloukl wrightii Aschers, and Syringodium fihforme Kutz) were examined. The intrinsic tolerance of each seagrass to ultraviolet-B, the presence and effectiveness of photorepair mechanisms to ultraviolet-B-induced photosynthetic inhibition, and the role of epiphytic growth as a shield from ultraviolet-B were investigated.
The threat of a reduction in the stratospheric ozone layer by anthropogenic agents (7, 17, 19, 27) , and the concomitant increase in UV radiation reaching the earth's surface (8) has stimulated a renewed interest in the biological effects of UV radiation between 290 and 320 nm (UV-B). Recently, UV-B irradiation has been shown effective in inhibiting leaf expansion (22, 29, 30) , seedling growth (1, 21) , dark respiration (29) , and ion transport (1), as well as altering membrane permeability (9) (10) (11) . Ultraviolet-B radiation has also been shown to be a potent inhibitor of photosynthesis (4, 5, 16, 26, 29, 30, 35 ) and a number of partial reactions of phytosynthesis, including Chl synthesis (2, 14) , the Hill reaction 'This work was performed with the support of National Aeronautics and Space Administration contract NAS9-15516, National Science Foundation grant SER77-06567, and by a grant from the Dean 4 To whom all correspondence should be addressed. (2, 5, 14) , and electron transport (5, 24, 25) .
The objective of this study was to examine the influence of ambient and enhanced UV-B irradiation on photosynthesis in three marine angiosperms: Halodule wrightii, Syringodium fliforme, and Halophila engelmannii. The photorepair capabilities of the three seagrasses and the role of epiphytes as a shield from increased levels of UV-B irradiation were evaluated.
These three seagrasses were selected for study because of their sensitivity to UV-B irradiation, their distribution along a natural gradient of UV-B and visible radiation intensities, and because of their ecological importance in shallow marine and estuarine systems in terms of total productivity and species diversity. A significant reduction in abundance of these seagrasses or their relocation to deeper waters as a result of increased UV-B levels may have a profound effect on many trophic levels.
MATERIALS AND METHODS
Plant Material and Water Analysis. Intact samples ofH. wrightii Aschers, S. filfonne Kutz, and H. engelmannii Aschers, were collected daily from the Indian River lagoonal system (near Melbourne, FL) and transported to the laboratory. Samples of leaf tissue (approximately 75 mg) were excised, cleaned of epiphytes, fresh weights determined, and placed in Petri plates contamiing FSSW5 in preparation for irradiation. Fresh seawater was filter sterilized by first passing it through Whatman No. 4 paper followed by Millipore filtrration (0.45 ,um). The bicarbonate concentration was determined according to Strickland and Parsons (34) and salinity determined by refractive index.
Irradiation of Tissue. Leaf tissues were irradiated at room temperature (21-25 C) with simulated solar UV-B (290-315 nm) from six FS-40 sunlamps (Westinghouse) filtered by Kodacel TA-401 (5 mil, Eastman Kodak) plastic film. Kodacel effectively absorbs radiation of wavelengths less than 290 nm, eliminating the UV-C component of the sunlamps. The spectral irradiance from this lamp system is shown in Figure 1 . Two sets of control tissues were prepared with each experiment. Irradiation controls, screened with Mylar Type-A fim (10 mil, Dupont) to remove UV-B, were irradiated simultaneously with the experimental tissues. In addition, as neither Kodacel nor Mylar remove UV-A (315-380 nm), dark controls receiving neither UV-A nor UV-B were prepared and used to correct for any contribution to photosynthetic inhibition by UV-A on the assumption the effects of UV-A (if any) and UV-B were additive in terms of photosynthetic carbon fixation. The effects of UV-A on seagrass photosynthesis are detailed in a paper currently in preparation. To accomplish this correction a Sunburn Ultraviolet Meter (Solar Light Co.) was recalibrated to quantify UV-A and UV-B spectral components as produced by the FS-40 sunlamps. The spectral sensitivity of the Sunburn Ultraviolet Meter is seen in Figure 1 .
As the FS-40 sunlamp spectrum does not match the solar 5Abbreviations: FSSW, filtered sterilized seawater; PAR, photosynthetically active radiation; SEM, scanning electron microscopy: PI, photosynthetic inhibition. 74 spectrum exactly (Fig. 1) and not all wavelengths of UV are equally effective at inhibiting photosynthesis, the relative biological efficiency of the radiation environment was determined. The photoinhibition action spectrum of Jones and Kok (20) as normalized by Smith et aL (32) was selected as the most appropriate weighting system for calculation of biologically effective irradiance, weighting both UV-B and UV-A (although only UV-B is considered in this paper). The resultant weighted irradiance (UVBpI) takes into account the wavelength dependency of photosynthetic inhibition. Dosimetry of UV-Bpi was controlled by adjusting the lamp to tissue distance and length of exposure (Fig. 2) . Biologically effective dose rates and total doses are presented as (w.m-2)pj and (kJ.m-')pi. Both Kodacel and Mylar films were changed after 40 h of use. A black, absorptive background prevented reflection from the sample platform.
Photorepair treatments consisted of exposing seagrass leaves to UV-B and visible irradiations simultaneously. Visible radiation was provided by six 300-w incandescent lamps adjusted to a PAR intensity of 700 ,E m 2 s-' between 400 and 700 nm at the leaf surface. A cosine-corrected, X quantum sensor and meter were used to measure PAR.
Penetration of natural UV radiation through the water column was determined by utilizing the Sunburn Ultraviolet Meter enclosed in a water-proof plastic (polyethylene) housing. Ultraviolet measurements at the mean leaf depth of the seagrasses is an amalgam ofboth. This combined with the relative abundance of UV-A compared to UV-B in sunlight, underwater spectral changes (40) , and the reduced biological effectiveness of UV-A in contrast to UV-B (32) result in a slight overestimation in the biologically effective UV-B radiation present. The environmental levels of UV-Bpi reported must be considered somewhat greater than actual levels and laboratory reproduction of these values more inhibitory than their solar equivalent. (Fig. 4) (Fig. 4) increased photosynthetic inhibition to 3 and 15%, respectively, at the ambient total dosage of 9.2 UJ. m-2pl.
S/ringodium required prolonged UV-B irradiation (55.0 kJ m PI) to induce 50%o photosynthetic inhibition (Fig. 5) ; approximately 4 times the dosage required to cause the same level of inhibition in Halophila. However, as in Halophila, reciprocity of dose rates at a given dosage was seen in Syringodium. The degree of inhibition observed was a function of the total UV-B dosage applied. The rapid, initial increase in photosynthetic inhibition at UV-B dosages reflecting peak natural conditions for Syringodium (7.35 J.m-2 day-'pi) indicated a low intrinsic tolerance to UV-B. During irradiation studies involving high dosages and/or dose rates of UV-B, an interesting observation was made with respect to the coloration of the methanol-water fraction. In all controls (dark and irradiation) and short term UV-B treatments, the methanol-water fraction was characteristically clear. However, after long term exposure to UV-B, the methanol-water fraction from Halophila appeared to accumulate a red pigment. Also, yellow methanol-water fractions were obtained from Chl (Fig. 3) . Statistically, the presence of a photorepair mechanism is doubtful, however, a slight and general reduction in the mean value of photosynthetic inhibition was obtained. No correlation between UV-B dose rate and photorepair efficiency was observed (Fig. 3) .
No photorepair capability dealing with UV-B was apparent in Syringodium. The combined effect of 700 uE-m-2.s-' PAR and UV-B irradiation seemed to increase this species' sensitivity to UV-B (Fig. 5) . The increase in photosynthetic inhibition observed was not due to photooxidation by PAR; preliminary studies to determine the optimum photosynthetic PAR intensity eliminated this possibility. The photosensitization response was obtained with all UV-B dose rates applied. Fifty % photosynthetic inhibition was reached at only 10.0 UJ m2pI, one-fifth the dosage required to produce the same inhibition by UV-B irradiation alone. This photosensitization is the subject of a paper in preparation.
Halodule was the only species to give clear evidence of a photorepair mechanism able to reverse or attenuate UV-B-induced photosynthetic inhibition (Fig. 4) . The addition of PAR to the irradiation regime held the level ofinhibition to approximately 10%o regardless of UV-B dose or dose rate supplied. The data indicate a photosensitization by PAR when low UV-B dose rates are applied, a response similar to that in Syringodium. This photosensitization makes the apparent reciprocity of the photorepair response (in terms of UV-B dosage) suspect; i.e. photosensitization may be masking photorepair. This attenuation of photosynthetic inhibition remained relatively constant up to 20.0 kJ m2PI, twice the maximum ambient dosage seen by this species in the natural system.
Epiphyte Studies. The attenuation of UV-B by epiphytic growth on leaf surfaces was found to reduce photosynthetic inhibition in the underlying tissues. An example of the results representing an epiphytic bloom is seen in Figure 6 . The presence of thick epiphytic layers on leaf surfaces significantly reduced the degree of photosynthetic inhibition in comparison to denuded tissues. The shielding effect on undamaged tissues of each species appeared to correspond well to dry weights ofepiphytes present during blooms. The explosive appearance and disappearance of epiphytic blooms, cold-cropping and other physical damage received by mature, epiphyte-bearing tissues due to the environment prevented sample acquisition across the range of epiphytic population sizes required for reliable statistical analysis. 
FIG. 7C
Scanning Electron Micrographs. Examination of electron micrographs of the three aquatic angiosperms provided useful information concerning their photosynthetic sensitivity to UV-B. The epidermal cell layer of Syringodium was shown to be composed of many small, thick walled cells (Fig. 7A) . The blade of Halodule appears to possess less epidermal thickening. The cells of the epidermis are larger and less thickly walled (Fig. 7B) . The photorepair abilities in this species seem quite effective in dealing with the UV-B transmission which occurs. Scanning electron micrographs of Halophila, the most sensitive of the seagrasses to UV-B-induced photosynthetic inhibition, show the leaf to be only two to three cells thick (Fig. 7C ). These cells are large and very thin walled in comparison to Halodule and Syringodium and may be a significant factor responsible for Halophila's high sensitivity to UV-B.
DISCUSSION
None of the seagrasses examined in this study were totally insensitive to UV-B. Although Halodule was able to tolerate ambient levels of UV-B, higher dose rates and dosages (used to simulate atmospheric ozone reduction) were inhibitory. The sensitivity of Halodule to UV-B appears to be more a function of UV-B dose rate than the total UV-B dose. The limit of effective physiological resistance (the dose rate above which photosynthetic inhibition increases with UV-B dose) appears to be a dose rate of 0.9 w. m-2p, (Fig. 4) . This dose rate reflects ambient conditions at the air/water interface in the natural system. Halodule has the capacity to endure at least a doubling of the ambient UV-B at mean blade depth before 10% photosynthetic inhibition is observed.
Evidence of a photorepair mechanism effective in dealing with UV-B-induced photosynthetic inhibition was seen only in Halodule, supporting the suggestion of photoreactivation by Van Baalen (36) in his work with Agmenellum quadruplicatum (a bluegreen alga). Such a mechanism is of great value to Halodule as it receives the most intense and continuous exposure to UV-B of the seagrasses in the system. Because of its physiological tolerance and photorepair capabilities, Halodule has the greatest potential of the seagrasses tested to withstand enhanced levels of UV-B.
Fox and Caldwell (13) has shown UV-B to accentuate interspecific competition between coexisting species. Dominance in the system is shared by Halodule and Syringodium in terms ofboth abundance and biomass. In a UV-B-stressed environment, Halodule possesses the advantage over Syringodium.
Large dosages of UV-B were required to induce severe photosynthetic inhibition in Syringodium (Fig. 5) (Fig. 7) .
Biosynthesis of UV-absorbing pigments in response to UV-B irradiation has been reported by Caldwell (6) , Wellman (38) , and Lindoo and Caldwell (22) (12) . Our observations of Halophila engelmannii collected from sites ofdifferent characteristic PAR intensities indicate the clumping response may be present in this species. As high PAR intensities usually corresponded to high UV-B dose rates (up to the ambient maximum), chloroplast clumping due to PAR may also serve to reduce in part the effective UV-B dosage. This response may be responsible for the slight, but general reduction in photosynthetic inhibition when UV-B irradiation was combined with 700 ,E.m-2.s-1 PAR (Fig.  3) .
Epiphytic growth is common to all three seagrasses, and each benefits to some degree from it as a shield from UV-B. This shielding is of greatest importance to Halophila because of its extreme sensitivity to UV-B. The range of this species in a very shallow water environment (such as the natural system examined here) may be influenced by the boom and burst cycles exhibited by epiphytes. Halodule and Syringodium often take on a cattaillike appearance at the height of epiphytic blooms, which may be of particular value as the leaves approach the air/water interface. A partial listing of epiphytic species common to these seagrasses is provided by Harlin (18) .
In the event of increasing ambient levels of UV-B, Halophila would most likely be the first seagrass to be removed from the system, displaced by the migration of Halodule and Syringodium to greater depths. These species in turn may become stunted and less abundant as UV-B intensities increase relative to PAR levels.
The diversity of the system may suffer accordingly. Worrest et al. (30) using an artificial estuarine system have seen reduced biomass and decreased community diversity with increased UV-B irradiance. A shift in dominance near the base of the food chain (a position seagriasses occupy) due to UV-B irradiation has the potential for altering community structure and diversity.
